OA 82-293P4) A simple, rapid procedure is described that quantitates RNA content and DNA content/chromatin condensation for each of many possible cell types and differentiation levels of the cells present in human semen. A fresh semen sample (1-6 hr postemission) or frozen sample (allowing samples to be accumulated and sent to a laboratory) is treated with a detergent solution, stained with acridine orange (AO), and measured by flow cytometry (FCM); approximately 10 minutes are required to measure 5,000 cells per sample and analyze the data with computer assistance. The following can be learned from a single measurement: a) the percentage of each cell type in semen including, i) mature sperm, ii) immature sperm precursor cells, representing all stages of development from spermatogonia to mature sperm, iii) somatic cells, e.g., leukocytes; b) normality/abnormality of sperm nuclear chromatin condensation. These measurements can be correlated with cell types in testis biopsies identified by two-parameter FCM measurements (RNA versus DNA) using AO as the fluorescent probe.
Introduction
The mammalian testis is a target organ for chemical toxins in the work place and environment (11) , sometimes resulting in a reduction in the number of testicular spermatids, secondary spermatocytes, and sperm (2) ; in more dramatic cases, a loss of spermatogonia has been observed (21) . In the area of cancer chemotherapy, numerous studies (17, 19) , including some of our current studies (5) , have demonstrated significant, acute, and long-term gonadal dysfunction in patients receiving chemotherapy, although recovery is possible (4).
Recent reports have suggested that effects on reproduction and chromosomes may be the best indicators of exposure to chemicals (15) . Our studies have centered around the hypothesis that mammalian spermatogenesis and spermiogenesis are very sensitive indicators of chromosome/chromatin alterations induced by chemicals (15) , disease (5) , and diet (7) .
Analysis of the effects of gonadal dysfunction by light microscopy is semiquantitative, subjective, and time-consuming.
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Flow cytometry (FCM) offers some significant advantages for analysis of semen and testicular biopsies, including: 1) rapidity of measurement (1,000 cells/sec), 2) unbiased selection of cells for measurement, 3) simultaneous multiparameter measurements per cell, 4) objective criteria for classification defined by machine specifications, 5) statistical strength, and 6) ease of classifying and differentially counting different cell types. With regard to the last point, it is difficult to distinguish between various cell types, e.g., lymphocytes versus immature spermatids, by conventional staining procedures. Furthermore, it is difficult, if not practically impossible, to distinguish variations of chromatin condensation by light microscopy. These and other features, however, are readily discernable by flow cytometry.
Other investigators have described the use of flow cytometry in the analysis of sperm precursor cells (2), DNA content of mature sperm (10) , and variations in sperm head shape (1) as dosimeters of mutagenic chemical exposure. Likewise, fine needle biopsies of human testes have been studied by flow cytometry of DNA content (20) . Our present article describes two-parameter (RNA, DNA) flow cytometry of testis biopsies that provides the additional features of testicular cell RNA metabolism and greatly increased discrimination between testicular cell types. Since abnormalities in sperm chromatin can be determined as well, this provides a powerful new tool for analysis of normal and abnormal cell types.
Materials and Methods
Patient population, semen collection, and testicular biopsies. Semen was obtained from patients at this Cancer Center who were concerned about their fertility status as a consequence of cancer or its therapy. Control semen samples were obtained from healthy volunteers who have fathered at least two children and have been free of any urogenital problems during the time between the last conception and donation of sample.
Semen samples were collected in the clinic by masturbation into a plastic specimen container. After a minimum of one-half hour to allow for liquification to occur, the samples were analyzed.
Testis biopsies were obtained from patients with suspected primary testicular tumors or metastatic infiltrating tumor cells, principally lymphomas. Data in this article were obtained from biopsy material that was normal in gross appearance and came from sexually mature individuals.
Semen analysis. Samples that could be analyzed within 1-6 hr were maintained at room temperature. Routine analyses of semen volume and pH, sperm density, motility, and morphology were done within several hours. For reasons of time, convenience, or machine availability, samples were often admixed 1:1 with ultrapure glycerol and stored in a standard refrigerator freezer (-20°C) for periods ranging from overnight to a month. Longer term storage was at -70°C; such storage had no significant effect on the data. Glycerol:semen (1:1) mixtures kept at -20°C remain fluid so that small aliquots can be drawn off with a pipette. In our laboratory, control semen samples are kept in this manner for up to a month so that an aliquot can be easily drawn off to serve as a reference marker for FCM analysis of patient samples.
Staining of semen with acridine orange (AO). Severe oligospermic or near azoospermic samples are used directly, without dilution, whereas normal semen containing 100-200 x 10 6 cells per milliliter is diluted in Hank's balanced salt solution (HBSS) to an approximate concentration of 2 x 10' cells/ml. The dilution can be adjusted, if necessary, to achieve an acceptable flow rate of the cells through the FCM channel.
A 0.2 ml sample of semen or a semen dilution is mixed with 0.4 ml of a detergent solution consisting of 0.1% Triton X-100 (Sigma Chemical Co., St. Louis, MO) in 0.08 N HCI, 0.15 M NaCI; this step significantly reduces the viscosity of semen. Thirty seconds later, 1.2 ml of a solution containing 0.2 M Na2 HPO4-0.1 M citric acid buffer (pH 6.0), 1 mM ethylenediaminetetraacetic acid (EDTA), 0.15 M NaCl, and 6 µg AO/ml (chromatographically purified, Polysciences, Inc., Warrington, PA) is admixed with the sample as previously described (3). The stained sample is immediately introduced into the flow cytometer and measured within 1-3 min.
Preparation of testis biopsies and staining of suspended cells. Fresh testis biopsies were placed in RPMI 1640 medium plus 10% fetal calf serum (Gibco, Grand Island, NY) at 4°C and minced with a pair of scalpels. A 0.2 ml aliquot of the cells in suspension were treated with Triton X-100 and stained with AO as described above.
FCM measurements of stained cells. Pretreatment of cells with
Triton X-100 at low pH renders the cells permeable to the dye, while the nucleic acids remain insoluble under these conditions. Subsequent staining with AO in the presence of chelating agents (EDTA, citrate) results in denaturation of all cellular RNA, which stains metachromatically red due to dye-base interactions (13) , while native DNA intercalates the dye and stains orthochromatically green (14) .
Fluorescence of individual cells was measured with a FC-200 Cytofluorograf (Ortho Diagnostic Instruments, Westwood, MA) inter-faced to a Nova 1220 minicomputer (Data General Corp., Southboro, MA). The cells suspended in the dye solution are transported through the instrument at a rate of about 200 per second; however, in cases of very low sperm count, that rate may only be several cells per second. Fluorescence signals are generated within each stained cell as it passes through the focus of a 488 nm argon-ion laser beam. The red (F>600) and the green (F530 ) fluorescence emission for each cell are differentiated by means of optical filters, recorded with separate photomultipliers, and the integrated values stored in the computer. The green pulsewidth, i.e., the time taken for a cell to pass through the laser beam, was also recorded and used to distinguish single cells from cell doublets and to determine nuclear diameter (18) . A total of 5,000 cells were recorded for each sample with the exception of "azoospermic semen" samples that contained fewer than 5,000 cells. Even in these cases meaningful data could be obtained with only several hundred cells. Figure 1 shows a staining pattern for the major population of sperm precursor cells released into suspension by mincing a testis biopsy; cells with a tetraploid DNA content were excluded from this measurement. An aliquot of semen from a human control was added to the sample to provide an enhanced comparison marker for differential stainability between mature sperm and other cell types. Cells staining at a diploid DNA level comprise several cell types, including 2C spermatocytes, somatic cells, e.g., epithelial cells, Leydig and Sertoli cells, demonstrating a heterogeneous RNA content that is a topic of current investigation. As previously shown (8) and shown here in Figure 1 and Table 1 , the difference in AO stainability of DNA between diploid somatic cells and sperm cells is about fivefold per unit of DNA (peak haploid sperm fluorescence is in channel 8; peak diploid cell population is in channel 86).
Results

Staining Characteristics of Testis Cell Suspensions and Mature Sperm
Spermatid populations a and b represent normal spermatids that apparently have the same chromatin structure as diploid somatic cells, since the F530 is half that of diploid cells (channel 86 versus 41-43). Spermatid a F>600 is 47% of the diploid peak, while spermatid b peak is 33%. Although we have not yet sorted spermatid population a and b by FCM sorting, the staining pattern would suggest that population b represents round to early elongating spermatids which have lost RNA by exclusion in the maturation process (16) ; this view is supported by the observation (not shown here) that RNase treatment converts population a to the same F >600 staining characteristics as population b. The presence of two early maturation levels of spermatids has not been described before, since other investigators have used single parameter DNA measurements of testis biopsies (20) . Spermatid population c apparently represents elongated spermatids, having a further 35% reduction of F530 (channel 27 versus channel 41) and a slight reduction of F>600 (channel 18) relative to the staining characteristics of spermatid b. Mature sperm have a minimum of F>600 , indicating little or no RNA (F>600 peak of channel 10) and a minimum F530 (channel 8) due to the highly condensed chromatin (8) .
Staining Characteristics of Semen Cells from Patients
Ratios of cell types ranging from haploid to diploid DNA content. In order to assess all cell types and differentiation levels in semen ranging from mature sperm to diploid somatic or germ cells, the photomultipliers (PMT) for the red and green channels are adjusted so that sperm cells and diploid cells in the semen can be measured simultaneously. Figure 2 shows the staining patterns of semen samples obtained from patients with significant reproductive dysfunction. The sample on the left is from a normal, fertile control donor, demonstrating a relatively homogeneous staining pattern. Patients A and B had testicular cancer and are part of a larger study in collaboration with Drs. Klein and Whitmore that will be fully reported in another publication but serve here to illustrate the ease and effectiveness of this method in rapidly analyzing semen cells.
The majority of cells in the semen of patient A (Stage III embryonal carcinoma, 6 months post-unilateral orchiectomy and 3 months post-VAB 6 chemotherapy induction) had staining characteristics of round spermatids, also confirmed by light microscopy. Approximately 5% of the cells were mature sperm with tails, but all of the heads were abnormal in shape. The sperm count, including the round spermatids and the mature sperm, was 5 X 104 per ml. This is a rather unusual case in that such a high percentage of the cells are apparently blocked at the round spermatid stage with very few cells maturing to elongated and mature sperm. A semen sample obtained 3 months earlier, just prior to chemotherapy, had a sperm concentration of 5 X 106 per ml with 55% appearing morphologically normal and the remainder immature or abnormal in morphology. The VAB 6 chemotherapy induction apparently was responsible for reducing the sperm count and interfering with maturation at the level of round spermatids.
Patient B, who had testicular cancer with teratoma, seminoma, and embryonal carcinoma, was treated by unilateral orchiectomy alone. The semen sample was obtained 11 months postorchiectomy; it contained a high percent of diploid and immature sperm precursor cells as well as some "debris," as seen with the light microscope and by the FCM staining pattern.
Most of the samples obtained from cancer patients prior to therapy or from those attending an infertility clinic are not as dramatically abnormal as that in Figure 2 . However, all samples analyzed by FCM should be measured first with the photomultipliers set at a level that permits both mature sperm and diploid cells to be analyzed in the same measurement. Thus, leukocytes also can be measured, and if present may indicate an infectious disease that is related to infertility.
Sperm Chromatin Structure
For a more sensitive assay of sperm chromatin structure in those cases that are "near normal" by the criteria of light microscopy or the FCM measurements as described above, the PMT levels are increased and the sample is measured again. Figure 3 compares the staining pattern of normal semen cells and that of a patient newly diagnosed as having Hodgkin's disease prior to any therapy (this sample is also part of a larger study in collaboration with Dr. D. Bajorunas and J. Redman). 'Peak channel F53o and F>600 fluorescence for each major cell population are represented in Figure 1 at Using the axes on the scatplot, green fluorescence (F 530 ) versus red (F > 600)/red plus green fluorescence (termed a,), any increased green fluorescence is due to more sites being available for AO intercalation and any increase in red/red plus green fluorescence is due to AO interaction with single-strand DNA. The data to the right of each scatplot are computer-generated frequency histograms of green fluorescence, red/total fluorescence, and green pulsewidth (gpw). The significant difference between these two samples is the increased green fluorescence of the semen cells obtained from the patient. The mean total green fluorescence for the control is 43.9 ± 9.1 while that of the patient is 55.3 ± 13.6. The mean green fluorescence of the population selected below channel 58 in the normal control (see arrow on control green fluorescent frequency histogram) is 42.0 ± 4.4; 93% of the cells from the control are within three standard deviations (42.0 ± 13.2) of this mean while only 60% of the cells from the patient are within 3 standard deviations of this mean. It is clear that more sites are available for AO intercalation in the patient sperm, suggesting that his sperm chromatin is not normally condensed. Note from the scatplot and the frequency histogram that the mean red/total fluorescence value of the control (30.4 ± 4.0) is nearly the same as the patient (30.6 ± 4.3), indicating no significant difference in single strand nucleic acid stainability. Likewise, little difference is seen in mean green pulsewidth (gpw) values (15.1 ± 1.9 versus 15.7 ± 1.6), indicating no significant difference in cell size/shape, which was confirmed by light microscopy. This increased green fluorescence is often seen in samples from cancer patients (preand posttherapy) as well as in patients attending an infertility clinic (to be described in detail in collaboration with Dr. A. Toth).
Discussion
Conventional semen analysis typically includes a light microscopic assessment of sperm numbers, motility, and morphology. These measurements are relatively time-consuming and lack good statistical significance. Furthermore, it is difficult to identify various sperm precursor cells and somatic cells sometimes present in semen.
The methods described here offer significant advantages for analysis of cell types, maturation level of sperm chromatin structure, and sperm count. These advantages include rapidity of analysis of a large number of cells, providing statistical strength and precise quantitation of amounts and/or structure of nucleic acids. Although rapidity of measurement is important, the most significant aspect of this method is the ability to quantitate parameters of immaturity and/or abnormality of the sperm nuclear chromatin that is not possible by light microscopy. Furthermore, in the case of patients with diminished gonadal function, for example, during and post-chemotherapy or radiotherapy for cancer, we have classified some semen samples as azoospermatic by light microscopy analysis yet the flow cytometry methods permit detection and analysis of small numbers of sperm (e.g., 100) in the ejaculate. This may prove important, since some patients (e.g., post-chemotherapy) having a very low sperm count have flow cytometry analysis within normal limits. Studies presently underway will indicate whether this is of prognostic value.
The relationship between increased levels of F 530 staining in sperm, and chromatin structure is not clear as yet. Current electron microscope studies (Evenson, to be published) suggest that the chromatin is not as condensed in sperm with increased F 530 staining as in normal, fertile controls. The relationship between chromatin condensation and fertility is unclear also, since it is not known whether sperm with less condensed chromatin are on average less likely to successfully fertilize ova. In this context, however, other studies in this laboratory have shown a relationship between chromatin structure and fertility, i.e., sperm nuclear DNA is less resistant to thermal denaturation in situ in some cases of subfertility (7) . Current work also suggests that sperm demonstrating increased F530 stainability have increased thermal denaturation of the DNA in situ. However, thermal denaturation is the more sensitive technique for detection of alterations in chromatin structure that may be related to fertility. Cases of questionable fertility in humans and bulls have been observed despite normal sperm count, motility index, and morphology by both classical light microscope methods and FCM analysis of AO-stained semen aliquots; however, following thermal stress of the isolated nuclei (7), the DNA denatures easily, indicating an abnormality of chromatin structure. Major criteria for clinical evaluation of semen samples include: 1) sperm number, 2) sperm viability, 3) sperm motility, 4) sperm morphology/maturation, and 5) ratios of cell types. Parameters 1-3 can be determined by a single FCM measurement as described (6, 9) and parameters 4 and 5 by a second FCM measurement, which is the subject of this report. Additional features of chromatin structure can be determined by FCM analysis of heat-treated sperm nuclei as recently described by us (7) . These parameters can be correlated with the measurements described here on testicular tissue obtained by surgery or fine needle biopsies (20) . The combination of measurements should provide new details of spermatogenesis and maturation that will further our understanding of mammalian fertility/infertility, and also help in the assessment of drugs and environmental chemicals that may affect this process. Figure 3 . Computer-drawn scattergrams of the distribution of individual semen cells from control and patient C according to their green and red/red plus green fluorescence intensities after staining with AO; to the right of each scattergram are the green fluorescence, red/total fluorescence and green pulsewidth (gpw) frequency distribution histograms. The numbers correspond to the mean value ± standard deviation (SD) (upper number), and the mean green fluorescence ± SD of a selected population within the normal range (less than channel 58; see arrow). The % number is that percentage of cells within 3 SD of the mean of the selected population. Patient C, age 18, was diagnosed as having Hodgkin's disease and the sample was obtained prior to therapy. The sperm concentration was 30 x 10 6 per ml, 70% of sperm were motile 1 hr after emission. Sperm morphology was normal by light microscopy.
